OBJECTIVE: Birth weight reflects prenatal metabolic adaption and has been related to later-life obesity risk. This study aimed to evaluate whether birth weight modifies the effect of genetic susceptibility on obesity risk in young Chinese. METHODS: We recruited 540 young (14-30 years) and obese patients (body mass index, BMIX30 kg m À 2 ), and 500 age-and sexmatched normal-weight healthy individuals (BMIo23 kg m À 2 ). We genotyped 23 BMI-associated genetic variants identified from recent genome-wide association studies (GWAS) in Caucasians with European ancestry with minor allele frequency40.05 in HapMap Han Chinese in Beijing, China. RESULTS: Six loci, including SEC16B, GNPDA2, BDNF, FTO, MC4R and TMEM160, were significantly associated with obesity risk, with odds ratio from 1.314 to 1.701. The 23 risk loci accounted for 6.38% of the genetic variance in obesity. We created two genetic risk scores (GRSs) by summing the risk alleles of all 23 (GRS1) and 6 obesity-associated (GRS2) genetic variants. Prediction of obesity was significantly improved (Po0.001) when the GRS1 and GRS2 were added to a model with age and gender, with improvement of discrimination for obesity by 0.8% and 2.7%, respectively. In addition, we found that the two GRSs interacted with birth weight in relation to obesity (P interaction o0.001). The genetic effect appeared to be more pronounced in individuals with normal range of birth weight (25-75%) than those with either low (o25%) or high (475%) birth weight. CONCLUSION: We confirmed the associations of the single-nucleotide polymorphism tagging six loci reported in recent GWAS with obesity in young Chinese. Our data also suggest birth weight may significantly modify genetic susceptibility to obesity risk.
INTRODUCTION
Prevalence of obesity has been increasing rapidly worldwide. Overweight and obesity prevalence surged from 14.6 to 21.8% in the decade from 1992 to 2002 in China, 1 and account for a fifth of overweight and obese population in the world. 2 The growing prevalence of obesity in China is largely attributable to the recent transition to unhealthy lifestyle, in concert with genetic susceptibility.
In recent years, genome-wide association studies (GWAS) have contributed to a major leap forward in the unraveling of the genetic basis of complex disorders including obesity. Thus far, B30 loci influencing BMI and the risk of obesity have been identified. 3 However, virtually all of these studies were conducted in populations of European ancestry. Asian populations are characterized by different feature of adiposity and genetic architecture from Europeans. Few studies have comprehensively assessed whether these novel loci affect obesity risk in Chinese. 4 Birth weight is tightly correlated with obesity risk in later life. 4 Abnormally low or high birth weight, which reflects developmental adaption to prenatal nutrition exposure, has been related to a variety of metabolic alterations. 5, 6 Studies exploring the interaction between BMI genetic variants and birth weight on obesity risk are scarce. A longitudinal study examined single-nucleotide polymorphism (SNPs) of FTO in 658 white subjects from childhood (3-17 years) to adulthood (18-45 years) . 7 In addition, this study examined the interaction between FTO genotype and birth weight. As a result, the study found out that lower birth weight predisposes to a higher adult BMI depending on FTO risk genotypes. On the basis of this study, we hypothesized that birth weight and related metabolic status may modify the genetic effects on obesity. No study has examined such modification effect in Chinese.
In this study, we examined the individual and joint associations of 23 BMI-associated loci identified in GWAS of Caucasians, with obesity risk in Chinese. We particularly assessed whether these genetic variants interacted with birth weight in relation to obesity risk. To reduce the potential confounding of environment factors, we recruited obese patients with young age (o30 years) and extreme phenotype (430 versus o23 kg m À 2 ).
MATERIALS AND METHODS

Ethics statement
This study was approved by the Institutional Review Board of the Ruijin Hospital, Shanghai Jiao Tong University School of Medicine and was in accordance with the principle of the Helsinki Declaration II. The written informed consent was obtained from each participant, the next of kin, carers or guardians on the behalf of the minors/children participants involved in our study.
Study population
We recruited 540 young (14-30 years) and obese patients (BMIX30 kg m À 2
) and 500 age-and sex-matched normal-weight healthy individuals living in eastern area of China. All patients were collected consecutively (January 2008-May 2010) from the specialized outpatient clinic for obesity in Ruijin Hospital, Shanghai JiaoTong University School of Medicine, whereby secondary causes of obesity had been excluded. In addition, patients with clinical presentation of early-onset or syndromatic obesity were also excluded from our subjects. Information on family history of obesity was available for 446 obese subjects (166 with family history of obesity in first-degree relatives and 280 without). Conforming to the age and sex distribution in obese patients, unrelated lean controls (n ¼ 500) were all recruited from volunteers of Shanghai Jiao-Tong University School of Medicine on the basis of their normal BMI (o23 kg m À 2 ). 8 The exclusion criteria for controls included having hypertension, impaired glucose regulation, diabetes mellitus and family history of obesity. Birth weight and gestational age data were obtained from birth certificate provided by parents. We defined low, normal and high birth weight less than the 25th percentiles, between the 25th and 75th percentiles, and more than the 75th percentiles of the distribution of birth weight in the study sample.
Assessment of anthropometrics
All subjects were weighed in light clothing without shoes. Height and weight were measured by a height-weight scale, and BMI (in kg m À 2 ) was calculated.
Genotyping and quality control SNPs tagging 23 independent loci identified through recent meta-analysis of GWAS in Europeans 9 with minor allele frequency40.05 in HapMap Han Chinese in Beijing, China (32 SNPs were the candidates in our selection among which 9 SNPs with minor allele frequencieso0.05 in Chinese were excluded) were selected for replication in our young Chinese cohorts. Genomic DNA was extracted from peripheral blood leukocytes with QIAmp blood kit (Qiagen, Chatsworth, CA, USA). All the selected SNPs were genotyped by using LightCycler480 Taqman PCR system (Roche Diagnostics Ltd, Rotkreuz, Switzerland). The call rate ranged from 94% to 99%. There was no significant difference of SNP calling between the case and the control groups. All the SNPs were in accordance with HardyWeinberg equilibrium in control. The average consensus rate in the duplicate samples (n ¼ 100) was 100%.
GRS computation
To give a better indication on whether these SNPs are of predictive value, we calculated two different GRSs (GRS1: all 23 SNPs; GRS2: all SNPs that are Po0.05). A simple count method was used to create the two GRSs. We assumed the additive genetic model 10 for each SNP, applying a linear weighting of 0, 1 and 2 to genotypes containing 0, 1 or 2 risk alleles, respectively. The count method assumes that each SNP in the panel contributes equally to the risk for obesity and was calculated by summing the values for each of the SNPs. We assigned missing genotypes the average genotype at that locus for case patients and control participants, separately.
Statistics
All statistical analyses were performed using SPSS 13.0 (Chicago, IL, USA) and PLINK version 1.07 (available at http://pngu.mgh.harvard.edu/purcell/ plink/). Deviation from Hardy-Weinberg equilibrium for genotypes at individual locus was assessed using the w 2 test. Linear regression model was used to analyze the associations with continuous variables including anthropometric measures and birth weight. Logistic regression model was used to investigate the genetic association with obesity. These analyses were based on additive model and adjusted for age and gender. Bonferroni correction was used to ensure a high stringent condition for any positive result. Po0.0022 (0.05 divided by 23) was considered significant. The interaction between birth weight (low-normal-high) and the two GRSs (tertiles) were assessed by introduction of a product term of them in the model. Current sample size, minor allele frequencies and odds ratios (ORs) observed in the present study was used for statistical power estimation.
Receiver-operating characteristics curve (ROC) analysis
Logistic regression model was used to investigate the discriminative improvement attributable to the GRS1 and GRS2. We plotted ROCs for a basic model including age and gender, and two models additionally including the GRS1 and GRS2.
Liability threshold model analysis
The percentage of genetic variance was estimated under a liability threshold model. 11, 12 This model assumes that obesity has an underlying liability score, which is normally distributed with mean 0 and variance 1. We assumed an obesity prevalence of 2.6% in the general population. 2 To calculate the threshold for each genotype, we used allele frequencies from controls and an effect size corresponding to the OR from our analysis.
RESULTS
Individual associations of polymorphisms with obesity risk
We genotyped SNPs at 23 independent loci associated with BMI from a recent GWA meta-analysis 9 in 540 obese subjects (BMIX30 kg m À 2 ) and 500 normal-weight individuals (BMIo23.0 kg m À 2 ) of Han Chinese ancestry. Table 1 shows the clinical characteristics of the participants. The two groups of subjects were matched for age and sex.
The allele frequencies of SNPs included in the current study (Table 2) were similar to those reported in the HapMap Han Chinese. In all, 6 of the 23 SNPs showed nominal associations with obesity, including SNPs rs381029 (TMEM160), rs10938397 (GNPDA2), rs10767664 (BDNF), rs1558902 (FTO), rs571312 (MC4R) and rs543874 (SEC16B). The ORs range from 1.314 to 1.701. The associations of these SNPs with obesity remained significant after adjustment for age and sex. The associations for FTO rs1558902, MC4R rs571312 and TMEM160 rs17782313 remained significant after Bonferroni correction for multiple testing. SNPs at loci RPL27A, MTIF3, MAP2K5, QPCTL and TMEM18 also showed marginal association with obesity (0.064pPp0.108). Of note, the associations of four loci TNNI3K, FLJ35779, MTIF3 and FAIM2 were to the opposite direction to that reported in Caucasians. 9 Moreover, we observed an excess of SNPs with small P values compared with expectation of no association, indicating that at least some of the observed associations with obesity in this study are true (Supplementary Figure S1 ).
Liability threshold model was used to estimate the percent of variance explained by each of the obesity risk alleles. 13, 14 Our data show that FTO accounted for the largest proportion of the genetic variance (Table 2) . Together, the 23 loci were able to explain an estimated 6.38% of the total genetic variance. 
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The GRSs and risk of obesity To assess the joint effects of the 23 SNPs, we created a GRS1 by summing up the number of risk alleles of all 23 SNPs. Figure 1 shows the distribution of the GRS1 by obesity status, with a shift toward a higher number of risk alleles in the cases (overall Po0.001). The mean GRS1 in obese and control groups were 20.18 and 19.28, respectively (Po0.001). The OR of obesity per GRS1 unit was 1.128 (Po0.001) after adjustment for age and gender (Table 3) . Compared with the lowest tertile of the GRS1, the highest tertile had 2.283-fold higher risk of obesity. We observed similar results for GRS2 (Table 3) . Further adjustment for family history of obesity did not change the results substantially.
Discriminative improvement attributable to the GRSs We next tested whether the addition of the two GRSs improved the discriminatory ability of obesity status. Figure 2 shows the ROC curves for the logistic regression model incorporating clinical risk factors with and without inclusion of the GRS1 and GRS2. The areas under the ROC curve for the clinical model were 0.683, 0.691 for the model with the GRS1 added, and 0.710 for the GRS2 added (Po0.001).
The GRSs, birth weight and obesity risk Seven hundred and fifty two individuals had records of birth weight (393 obese patients and 359 controls). The six obesityassociated loci showed no relation with birth weight. Four SNPs (TNNI3K rs1514175, PTBP2 rs1555543, BDNF rs10767664 and NEGR1 rs2815752) showed marginal association with birth weight. Two SNPs demonstrated significant association with birth weight (LRRN6C rs10968576, b ¼ 0.096, P ¼ 0.012; FAIM2 rs7138803, b ¼ 0.101, P ¼ 0.006). A high birth weight, after adjustment for age and sex, predicted future risk of obesity (OR ¼ 1.928, Obesity genetics J Hong et al 95% confidence intervals, 1.529-2.433, P for trend o0.001).
We observed significant interactions between the GRS1 (tertile) and birth weight (low, normal and high) in relation to obesity risk (P for interaction o0.001). In the stratified analysis, the adjusted OR of obesity risk across increasing tertiles of the GRS1 were 1.596 and 3.162 (with the first tertile as reference, P for trend o0.001) among those with normal birth weight (Table 4 ). In contrast, the associations of the GRS1 with obesity risk did not substantially change among those with either low (P for trend ¼ 0.583) or high (P for trend ¼ 0.109) birth weight (Table 4) . Similar results were seen for the GRS2 analysis (data not shown).
DISCUSSION
In this study, we investigated the associations of 23 previously reported BMI-associated SNPs with obesity risk in young Chinese.
We confirmed the associations with obesity for six loci. These 23 loci in together account for 6.38% of the genetic variance of obesity. The addition of all 23 and 6 obesity-associated genetic markers significantly improved discrimination (areas under the ROC) for obesity by 0.8% and 2.7%, respectively. In addition, we found a significant interaction between the GRSs and birth weight in relation to obesity risk. Six loci, TMEM160, GNPDA2, BDNF, FTO, MC4R and SEC16B, showed directionally consistent associations with obesity in Chinese and Caucasians. The cross-ethnicity observations provide strong evidence for the causal roles of these loci in the development of obesity. Unsuccessful replication of the other reported SNPs may be partly because of differences in the genetic structure between Chinese and Caucasian populations and the small sample size of this study.
For the six obesity-associated SNPs, we observed stronger genotype effects in Chinese than those in Caucasians. 15, 16 This may be partly because of the relatively young subjects included in our study because it has been shown that the genetic effects are less evident in senior populations, among whom the environmental effects become more dominant. All 23 loci explain 6.38% of obesity heritability. Our data indicate that the genetic variants only account for a small proportion of the genetic variance in young Chinese.
We found that the addition of the joint effects of 23 SNPs and 6 obesity-associated loci moderately but significantly improve the discrimination of obesity status in Chinese. These observations are consistent with several previous studies in Caucasians. 17, 18 Even though, our data indicate that considering the accumulative effects of the six obesity-associated loci may improve the identification of high-risk population to a larger degree. We found that individuals with the highest tertile of the GRS1 had 2.283-folds (95% confidence intervals, 2.158-4.277) higher risk for obesity as compared with those with the lowest tertile of the GRS1. The correlation between GRSs and family history was not significant in our study samples, and the observed genetic effects appeared independent of family history.
None of the six obesity-associated loci associated with birth weight. Our observations are consistent with the previous studies in Caucasians. 19, 20 Our data suggest that the six genetic variants may affect postnatal regulation of adiposity. Two common variants not associated with adult adiposity affected birth weight. Interestingly, we found significant interactions between the two GRSs and birth weight in relation to obesity risk. The genetic effect appeared to be more pronounced in individuals with normal range of birth weight (25-75%) than those with either low (o25%) or high (475%) birth weight. Although substantial literature exists on the detrimental effects of high birth weight and genetic susceptibility on obesity risk, surprisingly little is known about the potential interaction of these two factors on the laterlife obesity risk. In previous studies, a J-or U-shaped association has been reported between birth weight and later obesity risk, with a higher prevalence of obesity observed in those with the low or high birth weight. [21] [22] [23] Low or high birth weight may reflect prenatal exposure to mal-or overnutrition, which may lead to structural or epigenetic changes. The functional adaption may subsequently affect obesity risk in later life. The sequence of low birth weight followed by rapid weight gain during the early postnatal life has been associated with increased long-term risks for central obesity. 24 Gale et al. 25 showed that among 70-to 75-year-old men studied by dual energy X ray absorptiometry, low birth weight was associated with reduced lean tissue mass and a greater body fat relative to current weight. Thus, the predisposition to adult disease conferred by low birth weight may be related to excess fat deposition, particularly central fat, and hence the development of insulin resistance. Our data suggest that individuals with low or high birth weight are less sensitive to the genetic effects than those with normal Abbreviations: CI, confidence intervals, GRS, genetic risk score; OR, odds ratio; Tert1, tertile 1; Tert2, tertile 2; Tert3, tertile 3. Values are odds ratio (95% CI). The interaction between birth weight (low-normal-high) and the GRS1 (tertiles) was assessed by introduction of a product term of them in the model.
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birth weight. The underlying mechanism, however, remains to be determined in future studies. Population structure may cause false-positive association. However, our study subjects were randomly selected from a highly homogeneous population. 26, 27 Thus, genetic confounding is less likely to affect the associations observed in our study. In addition, the small sample size might limit the power to detect very moderate genetic effects. However, the participants of this study were young, with relatively low impact of environmental factors. The cases and controls were well matched. This design may improve the study power.
In conclusion, we showed that the combined genetic risk of SNPs identified from European populations might significantly improve the identification of high-risk group of obesity in young Chinese. For the first time, we demonstrated birth weight might interact with genetic susceptibility in relation to obesity risk in later life, which deserves consideration in future efforts to prevent obesity. Future large-scale studies are warranted to verify our findings.
